Aggressive NK-cell leukemia (ANKL) is a rare form of NK cell neoplasm that is more prevalent among people from Asia and Central and South America. Patients usually die within days to months, even after receiving prompt therapeutic management. Here we performed the first comprehensive study of ANKL by integrating whole genome, transcriptome and targeted sequencing, cytokine array as well as functional assays. Mutations in the JAK-STAT pathway were identified in 48% (14/29) of ANKL patients, while the extracellular STAT3 stimulator IL10 was elevat-*These five authors contributed equally to this work.
Introduction
Aggressive NK-cell leukemia (ANKL) results from the systemic neoplastic proliferation of natural killer (NK) cells. ANKL shows an aggressive clinical course with features that overlap with the advanced stage of natural killer/T-cell lymphoma (NKTCL). Unlike NKTCL, ANKL is a rare form of NK cell neoplasm and is more prevalent among people from Asia and Central and South America [1] . To date, less than 300 cases of ANKL have been described in the English literature worldwide.
Patients with ANKL manifest a fulminant clinical course, including high fever, pancytopenia, hepatosplenomegaly, multiple organ failure, cytokine storm and hemophagocytic lymphohistiocytosis, and usually die within days to months, even after receiving prompt therapeutic management [1] [2] [3] . Because of the rarity of the disease, the treatment strategy for ANKL has largely been extrapolated from other lymphoid neoplasms. However, the response to conventional chemotherapy routinely adopted in non-Hodgkin lymphoma and lymphoblastic leukemia is poor [3, 4] . Thus, a better understanding of the pathogenesis of ANKL is critically needed to develop more effective therapies. The Epstein-Barr virus (EBV) sequence is nearly always detected in the neoplastic tissues and peripheral blood (PB) of ANKL patients, and is proposed to contribute to the pathogenesis of this disease [1] [2] [3] . Although chromosomal gains and losses were previously shown to be associated with ANKL [5] , no recurrent genetic aberrations in ANKL have been confirmed [3] . Here, we performed the first comprehensive genomic analysis of ANKL (Supplementary information, Figure  S1 ). We identified and functionally validated the IL10-JAK/STAT-MYC signaling axis involved in the pathogenesis of ANKL. Further, the activation of this pathway led to significant metabolic reprogramming of ANKL in nucleotide synthesis and glycolysis. Finally, by elucidated by an average of 56-fold (P < 0.0001) in the plasma of all patients examined. Additional frequently mutated genes included TP53 (34%), TET2 (28%), CREBBP (21%) and MLL2 (21%) ing the functional dependency of ANKL on the identified oncogenic pathway, we provide insights into the development of novel therapeutic strategies for treating this deadly type of leukemia.
Results

Genomic landscape of ANKL and alterations in the JAK-STAT pathway
To explore the genetic aberrations underpinning the pathogenesis of ANKL, whole-genome sequencing (WGS) was performed on purified CD56
+ CD3
− NK cells and their paired normal granulocytes (Supplementary information, Figure S2 ) from a discovery cohort of 8 patients (Supplementary information, Table S1 ) with newly diagnosed ANKL ( Figure 1 and Supplementary information, Tables S2-S4) . Using GVC-SNV in the GVC (Genomic Variant Caller) utility [6] , we identified 483 candidate somatic single-nucleotide variations (SNVs) in coding regions, including 311 non-silent SNVs (289 missense and 22 nonsense) and 9 splice-site mutations ( Figure 1 and Supplementary information, Table S2 ). We identified a mean of 40 (range 16-59) somatic non-synonymous mutations per sample, which was comparable to NKTCL [7] and multiple types of solid tumors [8] and higher than diffuse large B-cell lymphoma (DLBCL) [9] and acute myelogenous leukemia (AML) [10] (Supplementary information, Figure S3 ). A high level of genomic EBV sequences was detected in leukemic NK cells but not in isolated patient granulocytes (Supplementary information, Figure S4 ).
To predict the functional consequences of the ANKL genomic alterations, we looked for mutation-enriched pathway(s) using KEGG and IPA analysis as well as the HotNet algorithm, which constructs gene networks according to protein-protein interactions [11] . Remarkably, all three strategies consistently pointed to JAK- Figure 1 Circos plots of 8 ANKL patients. Each Circos plot depicts the genomic location, depth distributions of normal and tumor cells (green track), somatic copy number gains (red track) and somatic copy number alterations (red, copy gain; blue, copy loss). Somatic non-synonymous mutations are marked by gene names (red points, mutation allele frequencies); somatic structural rearrangements are marked by orange lines.
STAT cytokine signaling (including JAK2, JAK3, STAT3 and STAT5B) as the most significantly enriched pathway when analyzing 313 mutated genes discovered in the WGS of 8 ANKL patients (Figure 2A ; Supplementary information, Figures S5 and S6 ). To validate this finding, we used AmpliSeq for targeted sequencing in a cohort of 29 ANKL patients (Supplementary information, Data S1). In addition to major components of the JAK-STAT pathway, we also included known oncogenes and tumor suppressors mutated in the discovery cohort as well as those frequently mutated in NKTCL ( Figure 2B ). Mutations in the JAK-STAT pathway, namely STAT3, STAT5B, STA-T5A, JAK2, JAK3, STAT6, SOCS1, SOCS3 and PTPN11, were mutually exclusive and collectively recurrent (48%) in the combined discovery and validation cohort (n = 29). Additional frequently mutated genes included TP53 (34%), TET2 (28%), CREBBP (21%) and MLL2 (21%) ( Figure 2B ; Supplementary information, Figures S7, S8 and Table S5 ). Notably, we found that genes frequently mutated in NKTCL, such as DDX3X (20%) and BCOR (32%) [7, 12] , were mutated in ANKL patients with a lower frequency (7% and 3%, respectively; Figure 2B and Supplementary information, Table S6 ). In addition, we observed that other commonly mutated genes in NK-TCL (namely MLL2, ARID1A, EP300, ASXL3 and MGA) were also altered in ANKL. Interestingly, these genes were preferentially found in patients harboring mutations in the JAK/STAT pathway, but not those carrying TET2 mutations in ANKL. Together, these results showed that a similar set of genes related to the JAK/STAT pathway and epigenetic regulation were mutated in both ANKL and NKTCL. Although the observed mutational pattern of ANKL was different from that of NKTCL ( Figure 2B and Supplementary information, Table S6 ) [7, 12] , it cannot be ascertained whether such differences are related to the nature of the neoplasms or only reflecting the variations among different cohorts. Moreover, the majority (7 out of 8) of the identified STAT3 and STAT5B mutations are located in the Src homology 2 (SH2) domain (Supplementary information, Figure S7 ), which mediates STAT protein dimerization and was reported to be the hot spot containing activating mutations in T-cell large granular lymphocytic leukemia (T-LGL) [13, 14] , NKT-CL [7, 15] , T-cell acute lymphoblastic leukemia (T-ALL) [16] , gamma delta T-cell lymphoma (γδTCL) [15] , T cell prolymphocytic leukemia (T-PLL) [17] and inflammatory hepatocellular adenomas (IHCAs) [18] . Two cases carried the previously characterized activating mutation Y640F, which results in constitutively phosphorylated and transcriptionally active STAT3 protein in functional analyses [14, 18] . In addition, an activating mutation located in STAT5 SH2 domain has recently been found in one ANKL patient by Sanger sequencing [19] . Although JAK2 chromosomal translocation was reported in ALL [20] , no rearrangements involving JAK-STAT genes were identified in ANKL.
In addition to genomic mutations, extracellular ligand binding of cytokines and growth factors can lead to constitutive activation of JAK-STAT signaling. The overwhelming production of cytokines, referred to as the "cytokine storm", is a prominent clinical feature in ANKL patients. Intrigued by the potential functional involvement of the cytokine storm in JAK-STAT signaling, we screened a panel of 20 inflammatory cytokines for their presence in patient plasma. The known JAK-STAT upstream stimulator IL10 [21] was dramatically elevated by an average of 56-fold (P < 0.0001, ranging from 7-to 98-fold) in ANKL patients compared to healthy controls ( Figure 2C ). Consistently, CD56-positive NK cells were abundant in the bone marrow of ANKL patients as shown by immunohistochemistry analysis ( Figure 2D ). Phosphorylation of STAT3, indicative of STAT3 activation, was significantly higher in the bone marrow cells of both JAK-STAT wild-type and mutated ANKL cases compared to controls ( Figure 2D and Supplementary information, Table S7 ).
Deregulated transcriptome and aberrations in the MYC expression program and metabolic pathways
To identify key transcriptional hubs whose expression levels are regulated by the identified genetic mutations and/or remarkably elevated IL10, transcriptomic sequencing was performed on flow cytometry-sorted malignant or normal CD56
+ CD3
− NK cells (Supplementary information, Figure S2 ) from the bone marrow of 7 ANKL patients (Supplementary information, Table S1 ) and 4 healthy donors, respectively. We used an integrative analysis tool, TieDIE (Tied Diffusion through Interacting Events), to search for interlinking genes connecting genomic and transcriptomic data [22] . Notably, this unbiased genome-wide analysis constructed a network in which the increased expression of the transcription factor MYC in ANKL is under the control of mutations in the JAK and STAT genes ( Figure 3A ). In support of this finding, we identified 7 activated regulators, including MYC and its interacting proteins MAX, MNT and SIN3A, along with SATB1, HOXD10 and HIC1 (Z-score > 2, P < 0.05) in the entire deregulated ANKL transcriptome, using IPA analysis of upstream regulators ( Figure  3B ). Consistently, the expression level of MYC was significantly higher in ANKL patients compared to healthy controls (Figures 2D and 3F ; Supplementary information, Figure S9 ). The ANKL patient transcriptome was characterized by two known MYC-driven expression signatures [23, 24] , but lacked the reported STAT3-associated inflammatory gene signature [21] ( Figure 3C ).
Consistent with the role of MYC as a master regulator in cellular metabolism [25] [26] [27] , analysis of the MYC signature genes that were upregulated in ANKL showed functional enrichment in the nucleotide synthesis, protein metabolism and cellular compound metabolic process pathways (Supplementary information, Figure S10 ). To explore whether metabolic aberration is a common feature in the entire transcriptome, we analyzed differentially transcribed genes. We identified 778 upregulated and 1 788 downregulated genes in isolated patient NK leukemic cells compared to normal controls (|Fold change| > 2 and FDR < 0.1) (Supplementary information, Tables S8  and S9) . Surprisingly, the majority (13 out of 20, 65%) of the pathways enriched in upregulated genes involved cellular metabolism (P < 0.05; Figure 3D and Supplementary information, Table S10), including purine and pyrimidine synthesis, glycolysis, the tricarboxylic acid (TCA) cycle, oxidative phosphorylation, amino acid metabolism and lipid metabolism (P < 0.01; Figure 3E and Supplementary information, Table S12 ). A similar set of metabolic pathways were activated upon MYC induction in a well-characterized MYC-inducible system ( Figure  3E and Supplementary information, Table S12) [28] . In contrast, the same analyses of transcriptome data could only detect a limited number of upregulated metabolic pathways in T-ALL (glycolysis, nucleotide synthesis and amino acid metabolism), lung cancer (LUAD: glycolysis, nucleotide synthesis and amino acid metabolism), kidney cancer (KIRC: glycolysis and nucleotide synthesis) and OxPhos-DLBCL (oxidative phosphorylation and amino acid metabolism; Figure 3E and Supplementary information, Table S12), which are largely consistent with previous characterizations of these tumors using isotope-tracing and functional assays [29] [30] [31] [32] . Furthermore, signal transduction (including NOTCH signaling), specific cancer-related pathways and immune function-related processes all comprised downregulated genes in ANKLs (Supplementary information, Table S11 ). Interestingly, aberrant expression signatures in cellular metabolism, such as nucleotide synthesis and glycolysis pathways, showed similar patterns across JAK-STAT-mutated and wild-type samples ( Figure 3F) . Irrespective of the JAK-STAT mutation status, significantly higher levels of IL10 and MYC were observed in all of the 7 cases examined ( Figure 3F ). These data suggest that metabolic aberration in nucleotide synthesis, glycolysis and additional pathways is a prominent feature of the ANKL transcriptome.
Functional analysis of STAT3 signaling, and MYC expression and metabolic aberration in nucleotide synthesis and glycolysis
To determine the functional relevance of our integrative genomic analysis, we used two ANKL patient-derived cell lines, KHYG-1 and NK-92 [33, 34] , which lacked JAK-STAT mutations, as indicated by our exon sequencing analysis (data not shown). Functionally, IL10 could stimulate STAT3 phosphorylation ( Figure 4A and Supplementary information, Figure S11A ) and significantly promote the in vitro proliferation of these cells ( Figure 4B ). Conversely, inhibition of STAT3 signaling by Stattic, a STAT3 phosphorylation inhibitor [35] , significantly decreased cell viability and triggered apoptosis in ANKL cells (Figure 4C and 4D; Supplementary information, Figure S11B and S11C). These findings suggested that ANKL cells are dependent on STAT3 signaling for survival and are strongly responsive to IL10 for further induction of STAT3 phosphorylation and enhanced proliferation.
Consistent with the genomic analysis connecting the JAK-STAT pathway and MYC expression ( Figure 3A) , The relative plasma levels of 20 inflammatory cytokines in 8 ANKL patients and 3 healthy donors. Statistical analysis was performed using Student's t-test or Student's t-test with Welch's correction. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. The correlation between the levels of plasma IL10 protein and IL10 mRNA in sorted NK leukemia cells is shown in the inset. Figures S11A and S12A) . Inhibition of STAT3 phosphorylation downregulated MYC expression (Figure 4C ; Supplementary information, Figures S11B and S12B). Furthermore, treatment with the known MYC inhibitor JQ1 effectively inhibited the proliferation and colony-forming capacities of ANKL cells ( Figure 4E and Supplementary information, Figure S13 ). These data demonstrate that IL10-STAT3 signaling regulates MYC expression and the MYC-associated transcription program in ANKL.
To explore whether STAT3 signaling-driven MYC expression regulates downstream expression program and the observed metabolic activation in ANKL, we carried out transcriptome sequencing on two ANKL cell lines. While the reported STAT3-associated inflammatory expression program [21] was not affected, the two known MYC-driven signatures [23, 24] were significantly induced or suppressed by IL10 or Stattic, respectively, in both ANKL cell lines ( Figure 5A and Supplementary information, Figure S14 ). Among the 6 activated metabolic pathways in primary ANKL cells ( Figure 5B and Supplementary information, Figure S15 ), only transcriptional activities in nucleotide synthesis and glycolysis positively and consistently responded to the modulation of STAT3 activity by IL10 and Stattic in KHYG-1 and NK-92 cells ( Figure 5B and Supplementary information, Figure S15 ). Treatment with the MYC inhibitor JQ1, similar to the STAT3 inhibitor Stattic, resulted in the suppression of nucleotide synthesis and glycolysis in ANKL cells ( Figure 5B and Supplementary information, Figure  S15 ).
Discussion
By integrating genomic, transcriptomic and metabolic analyses as well as functional assays, we showed that the overproduction of plasma IL10 together with mutations in the JAK-STAT pathway are the primary factors fueling cellular metabolism in ANKL leukemia cells ( Figure 6 Figure  S16 ). Importantly, aberrant STAT3 signaling was also observed in JAK-STAT mutation-negative cases ( Figure  2D ). JAK-STAT-mutated and non-mutated patient NK Table S12 . (F) The bar plot (top) shows the mRNA expression level of MYC in ANKL patients and healthy donors. Asterisks indicate the activation status of MYC based on IPA analysis (P < 0.05, Z-score ≥ 2). The heat map (middle) shows the mRNA expression levels of nucleotide synthesis-and glycolysis-related genes that were highly expressed in ANKL patients (FDR < 0.1). MYC target genes were displayed in red font. The scale bar represents the level of gene expression. The MYC CNV, point mutations in the JAK-STAT pathway (JAK-STAT SNV) and fold change of IL10 expression are shown at the bottom of the graph. One case was found to contain amplification of the MYC locus (Supplementary information, Figure S21 ). BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CNV, copy number variation; COAD, colon adenocarcinoma; DLBCL_OxPhos, diffuse large B-cell lymphoma with oxidative phosphorylation signature; HNSC, head and neck squamous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; NES, normalized enrichment score; PRAD, prostate adenocarcinoma; T-ALL, T-cell acute lymphoblastic leukemia; THCA, thyroid carcinoma. leukemia cells showed a similar expression pattern in MYC-driven programs and metabolic activation (Figure 3F) . These data suggest that independent of genetic mutations, STAT3 signaling can be activated by overproduced IL10 or additional unknown mechanisms. Interestingly, IL10 treatment preferentially stimulated the JAK/STAT wild-type cells ( Figure 4A and Supplementary information, Figure S17 ), but not the STAT3 Y640F-mutant ANKL cells to increase pathway activity and cellular proliferation (Supplementary information, Figure S18 ), suggesting that IL10 upregulation plays a more prominent role in the JAK-STAT non-mutated patients. Mechanistically, the prevalent overexpression of IL10 is likely induced by EBER1 [36, 37] , an EBV-encoded RNA that is highly expressed in patient NK leukemia cells (Supplementary information, Figures S19 and S20 ), and a positive feedback due to the STAT pathway activation [21] . Consistent with our findings, activation of the JAK-STAT pathway can occur without mutations in the JAK and STAT genes in a subset of T-LGL patients [13] . Together, targeting STAT3 signaling and nucleotide metabolism may offer new treatment strategies for both JAK-STAT wild-type and mutated ANKL patients.
Additional mutated genes may also play important roles in the pathogenesis of ANKL, particularly for JAK-STAT wild-type patients. Interestingly, TET2 mutations were preferentially enriched in JAK-STAT non-mutated patients (3 TET2 mutated cases in JAK-STAT mutation-positive group vs 7 TET2 mutated cases in JAK-STAT mutation-negative group). All three reported lossof-function TET2 mutations were in the JAK-STAT mutation-negative group (in a combined cohort of 39 patients, data not shown) [38, 39] . Functional cooperation between STAT signaling and loss of TET2 has been recently reported in several studies of hematological malignancies [40] [41] [42] . In combination with STAT pathway activation, loss of TET2 sustains myeloproliferative neoplasms (MPNs) and accelerates cancer development in transgenic mouse models and patients [41] [42] [43] . Mechanistically, STAT signaling promotes cellular proliferation, while loss of TET2 stimulates self-renewal of leukemia stem cells. It is worth noting that the level of STAT pathway activation is a critical determinant in the disease phenotype. STAT pathway alone, when activated at an appropriate level, is a "weak" oncogene that gives rise to an MPN with low penetrance and delayed onset. A more drastic disease phenotype can be obtained by further loss of TET2 [40] . These observations are consistent with our model in that early stage STAT activation induced by IL10 overexpression is not sufficient to fully transform NK cells, secondary event (JAK/STAT or TET2/TP53 mutations) are needed to drive a full-blown disease ( Figure 6 ).
The STATs-MYC-biosynthesis axis central to the molecular pathogenesis of ANKL is unique and has not been recognized previously in any other neoplasms. In multiple myeloma, T-LGL and various solid tumors (breast, prostate, ovarian, brain and pancreatic cancers), JAK-STAT signaling promotes pro-oncogenic inflammatory pathways by activating an expression signature that controls cell growth and survival (cyclin D1, MCL-1 and FGF2), angiogenesis (VEGFA), inflammatory factors (CXCL12, CCL2) and migration or invasion (MMP2 and MMP9) [44] . Consistent with this, activation of the pro-oncogenic inflammatory signature was evident in T-LGL. However, ANKL cells did not activate this inflammation program and possessed a distinct MYC expression signature (Figures 3C and 5A ; Supplementary information, Figure S14 ). As a master regulator of cellular metabolism, MYC activation often results from gene amplification/translocation and upstream signaling pathways including NOTCH, WNT-β-catenin and sonic hedgehog-Gli [45] . The only evidence that JAK-STAT can activate MYC comes from an in vitro study reporting that the MYC promoter was bound by phosphorylated STAT3 (pSTAT3) [46] . ANKL is therefore the first human disease in which STAT3 signaling acts upstream to directly activate the MYC transcription program.
The fatal behavior and poor response of ANKL to current chemotherapy makes it of paramount importance to search for novel therapeutics. Our findings suggest that targeted therapies against IL10, JAK-STAT signaling, MYC or nucleotide synthesis/glycolysis hold great promise for ANKL, and thus, future investigations of these pathways are warranted ( Figures 5C and 6) . Recently, therapeutic utility of MYC inhibition has been revealed in NK-cell neoplasms, suggesting that MYC activation may represent a common mechanism in the pathogenesis of ANKL and NKTCL [47] . The hypothesis that nucleotide synthesis should be exploited for treatment is also supported by current clinical evidence. Specifically, regimens containing antimetabolites such as l-asparaginase, MTX and gemcitabine have proven to be the most effective for disseminated NKTCL as well as for limited cases of ANKL [4, 48] , suggesting new treatment opportunities for refractory NK neoplasms by targeting the vulnerability in nucleotide synthesis. 
Materials and Methods
Patients and sample description
Thirty-nine ANKL patients from 10 medical centers in China were included in this study. The main clinical characteristics are shown in Supplementary information, 
CD3
− NK cells from 7 ANKL patients and 4 healthy donors were isolated by FACS. The sorting strategy is shown in Supplementary information, Figure S2 . AmpliSeq targeted sequencing of 36 mutated genes was performed in 29 ANKL patients. The study was approved by the Institutional Review Board. Informed consent was obtained from each individual in accordance with the principles expressed in the Declaration of Helsinki. and structural variations using GVC utilities, including GVC-SNV [6] , GVC-CNV and GVC-SV [6] . We performed RNA sequencing of both patient and cell line samples. Differentially expressed genes were identified using DESeq [49] and DEGseq [50] software. The pathways significantly enriched in differentially expressed genes were analyzed with the DAVID [51] and IPA tools. Enrichment analysis of the gene signatures was performed using GSEA software [52] . The raw sequence data reported in this paper have been deposited in the Genome Sequence Archive [53] in BIG Data Center [54] , Beijing Institute of Genomics (BIG), Chinese Academy of Sciences, under accession numbers PRJCA000224, PRJCA000224 that are publicly accessible at http://bigd.big.ac.cn/ gsa. Detailed library construction and data analysis are described in Supplementary information, Data S1.
Whole genome and transcriptome sequencing, and data analyses
Integrative analysis of genomic and transcriptomic data by TieDIE
To construct biological networks, we used an integrative method called TieDIE for the genomic and transcriptional data. TieDIE [22] (Tied Diffusion through Interacting Events) is an integrative analysis method that employs a network diffusion approach to connect genetic perturbations (e.g., somatic mutations) with transcriptional changes. We used 313 genes with non-synonymous mutations identified in 8 ANKL patients as the upstream of the input and 778 transcriptionally upregulated genes as the downstream of the input. The obtained networks using default parameters were drawn using Cytoscape ( Figure 3A) .
Significantly mutated network identified by HotNet2
We identified significantly mutated sub-networks using HotNet2 [11] , which uses a directed heat diffusion model to calculate the significance of mutations in individual genes and the local topology of interactions among the encoded proteins to overcome the limitations of pathway-based enrichment statistics. All 313 genes with non-synonymous SNVs and 24 filtered genes from CNA-containing regions were used in the analysis. The filtered genes must be in consistent CNAs of at least 5 patients, and the FPKM values of the gene must be larger than 0.1. The networks are shown in Supplementary information, Figure S6 .
Mutation validation in ANKL patients using AmpliSeq
Ion Torrent AmpliSeq was used for targeted sequencing of 28 mutated genes identified in the WGS analysis of 8 ANKL patients and 8 frequently mutated genes in NKTCL [7, 12] . Based on ultrahigh-multiplex PCR, Ion AmpliSeq technology requires as little as 10 ng of input DNA from bone marrow smear samples to target sets of genes. The percentages of leukemia cells in bone marrow detected by flow cytometry of all included cases were between 8.0% and 76.0%, with an average of 29.4%. Only cases with over 10% leukemia cells were included. We designed primers for 36 target genes (Supplementary information, Table S5 ) for deep sequencing. We collected 34 samples from ANKL patients and 2 granulocyte samples in total. Five ANKL samples with targeted rates < 90% due to degradation were removed.
Cytokine chip array analysis
A custom-designed RayBio Sandwich-based Antibody Array (RayBiotech, Norcross, GA, USA) was spotted with specific antibodies against 20 inflammatory cytokines (IL-1α, IL-1, IL-2, IL-4, IL-6, IL-10, IL-12, IL-13, IL-15, IL-18, MIP-1α, TNFα, IFN-γ, TGF-β, CD163, IL-8, IFN-α, IFN-β, MCP-1, IL-3). The plasma cytokine levels were measured according to the manufacturer's instructions. Slides were scanned using an InnoScan 300 Microarray Scanner (Innopsys, France) at 532 nm with a resolution of 10 µm. All assays were performed in duplicate. Statistical analysis was performed with Student's t-test or Student's t-test with Welch's correction using GraphPad Prism 6.0c. Statistical significance was defined as P < 0.05.
Immunohistochemistry
The immunohistochemical staining of CD56, STAT3 phosphorylation (pSTAT3) and MYC in the bone marrow biopsy specimens were performed in ANKL and control samples, respectively. Lymphoma patients without bone marrow involvement were used as controls. The method of immunohistochemistry is described in Supplementary information, Data S1.
Cell lines
KHYG-1 was obtained from the Japanese Collection of Research Bioresources (JCRB) cell bank. NK-92 was obtained from the American Type Culture Collection (ATCC). YT was a gift from Dr Kai Fu at the University of Nebraska Medical Center. All cell lines were authenticated by short tandem repeat (STR) analysis and tested negative for mycoplasma contamination by R&D MycoProbe Mycoplasma Detection Kit. The cell culture methods are described in Supplementary information, Data S1.
Cell viability assays
Cells were seeded in 96-well plates in triplicate at a density of 1 × 10 4 cells/100 µL/well. For assays with Stattic (Sigma, Taufkirchen, Germany), the cells were treated with DMSO or the indicated concentrations of Stattic for 16 h. For assays with IL10 and IL18 (Life Technologies, USA), ANKL cell lines were pre-treated with a base dose of IL2 overnight and then stimulated with the indicated concentrations of IL10 or IL18 for 24 h. Cell viability was assayed with Cell Counting Kit-8 reagent (Dojindo, Japan), and the relative cell viability was calculated by normalizing to the vehicle control. The half-maximal inhibitory concentration (IC 50 ) values were calculated by non-linear regression curve fitting using GraphPad Prism 6.0c. For all assays, at least three independent experiments were performed.
Colony-forming assays
KHYG-1 cells were seeded in 24-well plates at a density of 200 cells/500 µL/well and cultured in RPMI-1640, 1% methylcellulose (Sigma, Taufkirchen, Germany) and 10% FBS supplemented with 500 IU/mL IL2. The cells were maintained at 37 °C in a 5% CO 2 and a > 95% humidity atmosphere for 14 days. Colony numbers were counted using a microscope equipped with a 2× objective and a 10× ocular eyepiece. All assays were performed in triplicate.
Statistical analyses
The Mann-Whitney U-test and Student's t-test were used for comparison of the results and were calculated using R and GraphPad Prism 6.0c software. Selections of all statistical analysis methods meet the assumptions of the tests. Equality of variances between the groups was statistically compared.
